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Oriented attachment. The square superlattices were prepared by drop casting of 16 µL QDs (5.5 × 10 −5 mol \ L) dispersion in 3 mL toluene ( Figure S1 (a) and (b)) on top of the ethylene glycol substrate ( Figure S1 (c)). The system is left for 45 minutes at 25
Therefore, the toluene will be evaporated and monolayer of oriented QDs is formed ( Figure   S1 (d)). Heating the system at 70 C for 20 minutes leads to formation of square structure network with stronger atomic connections. The 2-D PbSe NC monolayer superstructure is stamped from the ethylene glycol substrate and is put on top of the transistor electrodes by horizontal contact approaching with the device from above ( Figure S1 (e) and (f)). A part of the NC superstructure was also put on a TEM grid for structural characterization (shown in Figure S2 (a)). In the higher magnification image ( Figure S2 Electrode designs. Figure S3 shows the three different electrode configurations that were used for the experiments. All three designs are gold structures patterned on a Si − SiO 2 wafer by optical or e-beam lithography. For differential capacitance and conductance measurements, the interdigitated gap consists of gold fingers (Figure 3a ). For in-situ absorption measurements an optical window is included which consists of a square grid of gold bars.
The second device shown in Figure 3b is used for the optical measurements and this design is characterized by a large grating of gold electrodes on top of a thin layer of Al, that is topped by an insulating Al 2 O 3 layer. The Al layer results in good reflectivity of the light, enabling us to perform precise absorption quenching measurements on a NC monolayer with an overall absorptivity as low as 1.5%. The final chip design (figure 3c) consists of several micro meter-sized Hall-bar structures,enabling four-probe conductance measurements. In this disign the long leads were isolated from the electrolyte and the superstructure with a thin layer of Al 2 O 3 deposited by atomic layer deposition.
For all measurements, the superstructure was gently stamped on top of the fingers. The differential capacitance measurement was performed in an air-tight cell containing anhydrous acetonitrile with 0.1 M lithium perchlorate as salt. For the four-probe measurements, to protect the structure against water and oxygen, a thin glass slid was placed on top of the ionic-liquid electrolyte. In the case where the superlattice of PbSe is occupied by N electrons per NC, we calculate the Fermi energy by integration of the density-of-states, assuming a Fermi-Dirac distribution at 300 K. We compute the imaginary part of the dielectric function in the independent-particle approximation as
where |j , k is the electronic state in band j and wave vector k, f j (k) its thermal population, E ji (k) is the difference between energies of states |j , k and |i , k , η is small imaginary part (30 meV), and e is the polarization of the light (here, in-plane). We consider N k vectors k defined on a regular grid in the Brillouin zone. We have checked that, with N k = 10 4 , the result is fully converged. A bleach spectrum is defined as the difference between spectra calculated for populations of 0 and N electrons per NC.
The matrix element is rewritten as
where H(k) is the tight-binding Hamiltonian matrix defined in the basis of Bloch states. This equation assumes that all intra-atomic matrix elements of the momentum can be neglected.
This approximation, validated in many situations, leads to a gauge invariant representation.
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In the calculations, we neglect local-field effects, which is justified since we are not interested in the absolute value of the absorption coefficient but in the relative variations with respect to the electronic population of the bands. Excitonic effects are also neglected. This is a good approximation in PbSe because of the high dielectric constant of this material ( r ≈ 23). The independent-particle approximation is reasonable when the number N of electrons per NC is small (e.g., N=0,1,2). For example, it explains very well the intra-band optical transitions in charged CdSe NCs 4 and the polarizability of charged InAs NCs. 5 In the present work, this is confirmed by the good agreement between calculated and measured bleach spectra shown in Figure 2 of the Main Document for gate voltages corresponding to small injected charge. However, for large values of N, especially for N getting closer to 8, we expect that electron-electron interactions will play an increasingly important role. The electron-electron repulsion will tend to push the electronic density from the NC centers to the boundaries of the superlattice, including the inter-NC bonds. This will result in a partial hybridization of S-like bands with P-like (or higher orbitals) ones. In addition, due to electron-electron interactions, the response to the electromagnetic perturbation will involve a many-particle response of increasing importance as N is increased. All these effects could explain why the experimental bleach spectra extent to higher energy than the calculated ones for the highest injected charges (Fig. 2) . The theoretical treatment of such correlation effects in lattices of
NCs is beyond the objectives of the present work but should be of high interest in future studies.
Band structure of multilayers of 2D NC superlattices. Figure S4 shows the evolution of the electronic band structure with adding NC layers on top of the first layer. We assume for simplicity that all layers are identical and the nearest-neighbor NCs of superposed layers are epitaxially connected through their {100} facets. In the case of two layers with very weak connections (coupling) between them [ Fig. S4(a) ], we basically recover the same band structure as for the monolayer (Fig. 1(b) However, each band can be described by an effective tight-binding model in which each NC is characterized by one S state of energy E s 6 . For a square lattice in the xOy plane, the energy dispersion with respect to the 2D wavevector K = (K x , K y ) can be approximately written as:
where t is the hopping matrix element between S states of nearest-neighbor NCs, N is the number of layers, and a is the lattice parameter (NC-NC distance). The total bandwidth is equal to 8|t|. The electron transport in these bands is therefore of pure 2D character, especially when inter-valley scattering is negligible, which necessarily occurs at sufficiently low temperature (inter-valley scattering involves high-energy phonons).
In the case of a bilayer, each unit cell is composed of two superposed NCs. The coupling between the S states then results in bonding and antibonding states of energy E s ± t. In the superlattice, bonding states cannot couple to antibonding states of a neighbor cell. Sectors of bonding and antibonding states are therefore uncoupled which leads to band dispersions of the form:
Including the effect of the valley degeneracy, this simple model explains very well the formation of two sets of four bands shown in Fig. S4e . The distance between the two sets is rather large, approximately 2|t|, i.e., one quarter of the total bandwidth of the monolayer.
As a consequence, even if the Fermi level crosses the two sets of bands, the transport will be relatively independent in the two sets of channels (bonding / antibonding), it will remain of 2D character.
The situation is clearly different in the film composed of 5 layers (Fig. S4f) where the band structure is composed many bands which seem to be rather regularly distributed in energy.
In fact, this behavior can be understood from the energy dispersion for the 3D lattice:
In a film composed of N layers, the component of K 3D along z is quantized due to the quantum confinement: K z a = pπ\(N = 1). The allowed solutions are thus given by:
with p=1..N. Therefore, the number of bands is proportional to N, and the distance between them scales as t\N. The electron transport in these bands becomes of 3D character when electrons can easily scatter from bands to bands, which is probably the case for N=5 (Fig. S4f) . At increasing N, the total bandwidth tends to 12|t|. Conductivity and mobility calculation. To calculate the charge density, at first we integrated the differential capacitance over the complete range of applied potential which yields the total amount of charge injected to the superstructure. The next step is to estimate the number of nanocrystal sites on the gated part of the electrode. After stamping the superstructure on the electrode, we visually checked the percentage of the electrode area covered by supperlattices. In addition, we considered that not the whole part of the covered area includes nanocrystals since there are some cracks and empty places between the patches of the superstructure which can be estimated from TEM images. For the sample presented in this work, we roughly considered 40% coverage of the electrode by the superstructure:
where n is charge density, Q is total charge injected to the system, w & L are electrode width and length.
From the source-drain current versus applied potential in transport measurement presented in figure 6 , the conductance of the network can be calculated. The conductivity, σ, of the PbSe nanocrystal sheet can be determined from the conductance and the geometry of the fingers:
where σ is conductivity, w and L the width and length of the gap, G is conductance and h is monolayer thickness.
Therefore, the mobility can be calculated from the charge density obtained from the differential capacitance measurements and the conductivity of the sheet: Conductivity and mobility calculation in four-probe measurements. Table 1 summarizes the resistances measured and the mobility calculated for 13 devices on five different substrates. The resistance values are calculated from the linear IV-curves at V G = 2.0V. The two-probe I-V curves are measured by sweeping the voltage (-10 mV to 10 mV) between the two inner probes of a device and measuring the current. For the four probe measurements a current was set between the two outer probes of the device, and the voltage drop between the two inner probes was recorded. Before taking an IV, the gate voltage was applied to the gate pad and the sample was left to relax for a minute. Forward and backward sweeps did not show hysteresis. The NC density was estimated from TEM images to be 2.9 × 10 12 NC/cm 2 . The mobility was then calculated assuming full occupation of the p-orbitals, i.e., 8 e − /NC and full coverage of the device.
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